
1111111111111111111inumuu ~ 

(12) United States Patent 
Smart et al. 

(54) LITHIUM ION ELECTROLYTES AND 
LITHIUM ION CELLS WITH GOOD LOW 
TEMPERATURE PERFORMANCE 

(75) Inventors: Marshall C. Smart, Studio City, CA 
(US); Ratnakumar V. Bugga, Arcadia, 
CA (US) 

(73) Assignee: California Institute of Technology, 
Pasadena, CA (US) 

(*) Notice: 	Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 605 days. 

This patent is subject to a terminal dis-
claimer. 

(21) Appl. No.: 12/419,473 

(22) Filed: 	Apr. 7, 2009 

(65) 	 Prior Publication Data 

US 2009/0253046 Al 	Oct. 8, 2009 

Related U.S. Application Data 

(60) Provisional application No. 61/123,441, filed on Apr. 
8, 2008. 

(51) Int. Cl. 
H01M6116 	(2006.01) 

(Continued) 
(52) U.S. Cl. 

CPC .... H01M1010569 (2013.01); H01M20041027 
(2013.01); Y02E 601122 (2013.01); HOLM 

41485 (2013.01); HOLM 20041028 (2013.01); 
HOLM 41131 (2013.01); HOLM 61164 

(2013.01); HOLM 61166 (2013.01); HOLM 
1010568 (2013.01); HOLM 23001004 (2013.01) 

USPC ........ 429/332; 429/330; 429/326; 429/231.8; 
429/231.1; 429/231.3; 252/62.2 

(58) Field of Classification Search 
CPC ... HO1M 6/164; HO1M 6/166; HO1M 10/052; 

HO1M 10/0568; HO1M 10/0569; HO1M 4/131; 

	

(1o) Patent No.: 	US 8,920,981 B2 
(45) Date of Patent: 	*Dec. 30, 2014 

HO1M 4/485; HO1M 4/505; HO1M 4/525; 
HO1M 2300/004; HO1M 2300/042; HO1M 

2004/027; HOl M 2004/028 
USPC ........ 429/330, 332, 326, 231.8, 231.1, 231.3; 

252/62.2 
See application file for complete search history. 

(56) References Cited 

U.S. PATENT DOCUMENTS 

	

4,052,539 A 	10/1977 Shopshire et al. 

	

5,256,504 A 	10/1993 Okuno et al. 

(Continued) 

FOREIGN PATENT DOCUMENTS 

EP 	 0 548 449 	7/1996 
JP 	 09-017446 	1/1997 

(Continued) 

OTHER PUBLICATIONS 
Smart et al. ECS Transactions, 2008, vol. 11, Issue 29, p. 99-108 
Rechargeable Lithium and Lithium Ion Batteries, 212th Meeting of 
the Electrochemical Society (ECS Meeting), Washington, DC, US, 
Oct. 7-12, 2007.* 

(Continued) 

Primary Examiner Laura Weiner 
(74) Attorney, Agent, or Firm Lathrop & Gage LLP 

(57) ABSTRACT 

There is provided in one embodiment of the invention an 
electrolyte for use in a lithium ion electrochemical cell. The 
electrolyte comprises a mixture of an ethylene carbonate 
(EC), an ethyl methyl carbonate (EMC), an ester cosolvent, 
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LITHIUM ION ELECTROLYTES AND 
LITHIUM ION CELLS WITH GOOD LOW 

TEMPERATURE PERFORMANCE 

CROSS-REFERENCE TO RELATED 	5  
APPLICATION 

This application claims priority of U.S. Provisional Patent 
Application Ser. No. 61/123,441, filedApr. 8, 2008, which is 
incorporated herein by reference in its entirety. 10  

GOVERNMENT INTERESTS 

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the 15 

provisions of Public Law 96-517 (35 U.S.C. 202) inwhichthe 
Contractor has elected to retain title. 

BACKGROUND OF THE INVENTION 
20 

a. Field of the Invention 
The invention relates to electrolytes and organic solvents 

for electrochemical cells. In particular, the invention relates to 
lithium ion electrolytes and organic solvents for lithium ion 
cells. 25 

b. Background Art 
Lithium ion cells typically include a carbon (e.g., coke or 

graphite) anode intercalated with lithium ions to form Li xC; 
an electrolyte consisting of a lithium salt dissolved in one or 
more organic solvents; and a cathode made of an electro- 30 

chemically active material, typically an insertion compound, 
such as LiCo02 . During cell discharge, lithium ions pass from 
the carbon anode, through the electrolyte to the cathode, 
where the ions are taken up with the simultaneous release of 
electrical energy. During cell recharge, lithium ions are trans - 35 

ferred back to the anode, where they reintercalate into the 
carbon matrix. 

Lithium ion rechargeable batteries have the demonstrated 
characteristics of high energy density, high voltage, and 
excellent cycle life. Known state-of-the-art lithium ion 40 

rechargeable batteries and systems have been demonstrated 
to operate over a wide range of temperatures (e.g., —30° C. 
(Celsius) to +40° C.). However, the performance of such 
known lithium ion rechargeable batteries and systems is lim-
ited at temperatures below —30° C., making them unsuitable 45 

for many terrestrial and extra-terrestrial applications. Many 
scheduled NASA missions demand good low temperature 
battery performance without sacrificing such properties as 
light weight, high specific energy, long cycle life, and mod-
erate cost. Moreover, such scheduled NASA missions require 50 

rechargeable batteries that can operate at low temperatures to 
satisfy the requirements of various applications, such as 
landers, rovers, and penetrators. For example, the Mars 
Exploration Program requires rechargeable batteries capable 
of delivering several hundred cycles with high specific 55 

energy, and the ability to operate over a broad range of tem-
peratures, including the extremely low temperatures on and 
beneath the surface of Mars. Mars rovers and landers require 
batteries that can operate at temperatures as low as —40° C. 
Mars penetrators, which can penetrate deep into the Martian 60 

surface, require operation at temperatures less than —60° C. 
Additional applications may require high specific energy bat-
teries that can operate at temperatures down to —80° C., while 
still providing adequate performance and stability at ambient 
temperatures. 65 

To be used on the Mars missions and in low earth orbit 
(LEO) and geostationary earth orbit (GEO) satellites, as well  

as in terrestrial applications, lithium ion rechargeable batter- 
ies may exhibit high specific energy (60-80 Wh/Kg (Watt 
hours per Kilogram)) and long cycle life (e.g., >500 cycles). 

Known state-of-the-art lithium ion cells typically exhibit 
limited capacities below —30° C. This may be due to limita-
tions of the electrolyte solutions, which become very viscous 
and freeze at low temperatures, resulting in poor electrolyte 
conductivity. In addition, the surface film, such as solid elec-
trolyte interphase (SEI), that forms on the electrodes, can 
either build up over the course of repeated charge/discharge 
cycling or become highly resistive at lower temperatures. 
Ideally, the SEI layer on the carbon anode should be protec-
tive toward electrolyte reduction and yet conductive to 
lithium ions to facilitate lithium ion intercalation, even at low 
temperatures. 

Several factors can influence the low temperature perfor-
mance of lithium ion cells, including: (a) the physical prop-
erties of the electrolyte, such as conductivity (lithium ion 
mobility in the electrolyte solution), melting point, viscosity, 
and other physical properties; (b) the electrode type; (c) the 
nature of the SEI layers that can form on the electrode sur-
faces; (d) the cell design; and, (e) the electrode thickness, 
separator porosity and separator wetting properties. Of these 
factors, the physical properties of the electrolyte typically 
have the predominant impact upon low temperature perfor-
mance, as sufficient electrolyte conductivity is typically a 
condition for good performance at low temperatures. Ideally, 
a good low temperature performance electrolyte solvent 
should have a combination of properties such as high dielec-
tric constant, low viscosity, adequate Lewis acid-base coor-
dination behavior, as well as appropriate liquid ranges and 
salt solubilities in the medium. 

Known electrolytes used in state-of-the-art lithium ion 
cells have typically consisted of binary mixtures of organic 
solvents, for example, high proportions of ethylene carbon-
ate, propylene carbonate or dimethyl carbonate, within which 
is dispersed a lithium salt, such as lithium hexafluorophos-
phate (LiPF 6). Examples may include 1.0 M (Molar) LiPF 6  in 
a 50:50 mixture of ethylene carbonate/dimethyl carbonate, or 
ethylene carbonate/diethyl carbonate. Such electrolytes typi-
cally do not perform well at low temperatures because they 
become highly viscous and/or freeze. 

Optimized electrolyte formulations consisting of a ternary, 
equi-proportion mixture of ethylene carbonate (EC), dim-
ethyl carbonate (DMC), and diethyl carbonate (DEC) were 
disclosed in U.S. Pat. No. 6,492,064 to Smart et al. In addi-
tion, lithium ion cells with a quaternary electrolyte formula-
tion consisting of 1.0 M LiPF 6  EC+DEC+DMC+EMC (1:1: 
1:2 v/v), as well as low EC (ethylene carbonate)-content 
quaternary solvent blend electrolytes, which have enabled 
excellent performance down to —50° C., are known. However, 
such ternary and quaternary electrolyte formulations may not 
provide good cell rate capability at temperatures below —50° 
C., primarily due to poor ionic conductivity. 

Improved performance with multi-component electrolytes 
of the following formulation: 1.0 M LiPF 6  in ethylene car-
bonate (EC)+ethyl methyl carbonate (EMC)+X (1:1:8 v/v %) 
(where X is methyl butyrate (MB), ethyl butyrate (EB), 
methyl propionate (MP), and ethyl valerate (EV)) are also 
known. Although such electrolyte formulations do provide 
good performance at very low temperatures, the high tem-
perature resilience of cells containing such electrolytes may 
be compromised, primarily due to the use of small quantities 
of ethylene carbonate and high quantities of the ester compo-
nent. 

The use of methyl formate (ME), methyl acetate (MA), 
ethyl acetate (EA), ethyl propionate (EP), and ethyl butyrate 
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(EB) in multi-component electrolyte formulations is known. 
However, although some of these electrolytes provide good 
low temperature performance, they generally do not result in 
cells with good rate capability at lower temperatures and do 
not display good high temperature resilience (e.g., >25' C.). 

Higher molecular weight esters, such as ethyl propionate 
and ethyl butyrate, resulting in both improved low tempera-
ture performance and good stability at ambient temperatures, 
were disclosed in M. C. Smart, B. V. Ratnakumar, S. Suram-
pudi, J. Electrochem. Soc., 149 (4), A361, (2002), where 
excellent performance was obtained down to —40° C. with 
electrolytes consisting of the following formulations: a) 1.0 
M LiPF 6  EC+DEC+DMC+ethyl butyrate (EB) (1:1:1:1 v/v 
%) and b) 1.0 M LiPF 6  EC+DEC+DMC+ethyl propionate 
(EP) (1:1:1:1 v/v %). However, although electrolytes contain-
ing methyl acetate and ethyl acetate (low molecular esters) 
were shown to result in high conductivity at low temperatures 
and good cell performance at low temperature initially, their 
high reactivity toward the anode led to continued cell degra-
dation and poor long term performance. 

In addition, ester based co solvents having improved low 
temperature performance were disclosed in A. Ohta, H. 
Koshina, H. Okuno, and H. Murai, J. Power Sources, 54 (1), 
6-10, (1995), where electrolytes consisting of the following 
formulations were disclosed: a) 1.5 M LiPF 6  in EC+DEC+ 
MA (1:2:2), b)1.5 M LiPF 6  in EC+DEC+MP (1:2:2), and c) 
1.5 M LiPF 6  in EC+DEC+EP (1:2:2). However, the incorpo-
ration of a large proportion of diethyl carbonate (DEC) pro-
duced undesirable effects upon the surface films of carbon 
anodes. 

In addition, electrolytes containing ethyl acetate (EA) and 
methyl butyrate (MB) were disclosed in S. Herreyre, O. 
Huchet, S. Barusseau, F. Perron, J. M. Bodet, and Ph. Bien-
san, J. Power Sources, 97-98, 576 (2001) and in U.S. Pat. No. 
6,399,255 to Herreyre et al., where electrolytes consisting of 
the following formulations were disclosed: a) 1.0 M LiPF 6  in 
EC+DMC+MA, b) 1.0 M LiPF 6  in EC+DMC+MB, c) 1.0 M 
LiPF 6  in EC+PC+MB, and d) 1.0 M LiPF 6  in EC+DMC+EA 
(solvent ratios not provided). Good low temperature perfor-
mance with the methyl butyrate-based electrolyte was dis-
closed. However, the performance at temperatures below 
—40° C. was not investigated. 

In addition, electrolytes containing methyl acetate and 
ethyl acetate in ternary mixtures with and without blending 
with toluene were disclosed in H. C. Shiao, D. Chua, H. P., 
Lin, S. Slane, and M. Solomon, J. Power Sources, 87, 167-
173 (2000), in an attempt to obtain improved performance at 
temperatures as low as —50° C. However, such improved 
performance at temperatures as low as —50° C. was not 
shown. 

In addition, the performance of electrolyte formulations at 
low temperatures were disclosed in S. V. Sazhin, M. Y. Khim-
chenko, Y. N. Tritenichenko, and H. S. Lim, J. Power Sources, 
87, 112-117 (2000), where electrolytes consisting of the fol-
lowing formulations were disclosed: a) 1.0 M LiPF 6  in 
EC+EMC+EA (30:30:40), b) 1.0 M LiPF 6  in EC+DMC+MA 
(30:35:35), c) 1.0 M LiPF 6  inEC+DEC+EP (30:35:35), and 
d) 1.0 M LiPF 6  in EC+EMC+EP (30:30:40). Although good 
performance of the electrolytes was demonstrated at —20° C., 
the performance at temperatures below —20° C. was not 
investigated. However, at very low temperatures (<-40° C.) 
the high EC (ethylene carbonate)-content (30%) and low 
proportion of the ester-based component (30-40%) in these 
formulations was not anticipated to yield good performance. 

Accordingly, there is a need for lithium ion electrolytes for 
use with lithium ion cells with improved low temperature 
performance over known electrolytes and cells. 

4 
SUMMARY OF THE INVENTION 

This need for lithium ion electrolytes for use with lithium 
ion cells with improved low temperature performance is sat- 

5  isfied. None of the known electrolytes and cells provide all of 
the numerous advantages discussed herein. Unlike known 
methods and systems, embodiments of the method and sys-
tem of the disclosure may provide one or more of the follow-
ing advantages: provide lithium ion ester and carbonate- 

10 based blended electrolytes that result in improved discharge 
performance and rate capability at low temperatures (down to 
—60° C.); provide improved performance with multi-compo-
nent electrolytes of various compositions including 1.0 M 

15  LiPF 6  in ethylene carbonate (EC)+ethyl methyl carbonate 
(EMC)+X (20:60:20 v/v %) [where X is methyl propionate 
(MP), ethyl propionate (EP), methyl butyrate (MB), ethyl 
butyrate (EB), propyl butyrate (PB), andbutyl butyrate (BB)]; 
provide lithium ion electrolytes for use in lithium ion cells 

20 capable of delivering over 6 (six) times the amount of capac-
ity delivered by known electrolyte and organic solvents and 
capable of supporting aggressive rates at low temperatures 
(-50° C. and —60° C.); and, provide lithium ion electrolytes 
and lithium ion cells that contain solvent blends of high 

25 molecular weight ester cosolvents which inherently possess 
greater stability and that perform well at very low tempera-
tures. Furthermore, the embodiments of the electrolyte sys-
tems of the invention are anticipated to display superior cycle 
life performance and improved resilience at higher tempera- 

30 tures (e.g., >25° C.), compared to the state-of-the-art low 
temperature electrolyte systems. 

In one embodiment of the invention there is provided an 
electrolyte for use in a lithium ion electrochemical cell. The 
electrolyte comprises a mixture of an ethylene carbonate 

35 (EC), an ethyl methyl carbonate (EMC), an ester cosolvent, 
and a lithium salt. The electrochemical cell operates in a 
temperature range of from about —60 degrees Celsius to about 
60 degrees Celsius. 

In another embodiment of the invention there is provided a 
40 lithium ion electrolyte for use in a lithium ion electrochemical 

cell. The lithium ion electrolyte comprises a mixture of about 
15% to about 40% by volume ethylene carbonate (EC); about 
10% to about 60% by volume ethyl methyl carbonate (EMC); 
about 10% to about 70% by volume ester cosolvent, wherein 

45 the ester cosolvent is selected from the group consisting of 
methyl propionate (MP), ethyl propionate (EP), methyl 
butyrate (MB), ethyl butyrate (EB), propyl butyrate (PB), and 
butyl butyrate (BB); and, a lithium salt in a concentration of 
from about 0.5 Molar to about 1.4 Molar, wherein the lithium 

50 salt is selected from the group consisting of lithium hexafluo-
rophosphate (LiPF 6), lithium tetrafluoroborate (LiBF 4), 
lithium bis(oxalato)borate (LiBOB), lithium hexafluoro-
arsenate (LiAsF 6), lithium perchlorate (LiC1O 4), lithium tri-
fluoromethanesulfonate (LiCF,SO 3), and lithium bistrifluo- 

55 romethanesulfonate sulfonyl imide (LiN(S0 2CF 1)2), and 
mixtures thereof. The lithium ion electrochemical cell oper-
ates in a temperature range of from about —60 degrees Celsius 
to about 60 degrees Celsius. 

In another embodiment of the invention there is provided a 
60 lithium ion electrochemical cell. The lithium ion electro- 

chemical cell comprises an anode, a cathode, and an electro- 
lyte interspersed between the anode and the cathode. The 
electrolyte comprises a mixture of an ethylene carbonate 
(EC); an ethyl methyl carbonate (EMC); an ester cosolvent 

65 selected from the group consisting of methyl propionate 
(MP), ethyl propionate (EP), methyl butyrate (MB), ethyl 
butyrate (EB), propyl butyrate (PB), and butyl butyrate (BB); 
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and, a lithium salt. The electrochemical cell operates in a 
temperature range of from about —60 degrees Celsius to about 
60 degrees Celsius. 

The features, functions, and advantages that have been 
discussed can be achieved independently in various embodi-
ments of the disclosure or may be combined in yet other 
embodiments further details of which can be seen with refer-
ence to the following description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The disclosure can be better understood with reference to 
the following detailed description taken in conjunction with 
the accompanying drawings which illustrate preferred and 
exemplary embodiments, but which are not necessarily 
drawn to scale, wherein: 

FIG. 1 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —40° C. (—C/I6 rate) contain-
ing electrolytes according to the invention; 

FIG. 2 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —40° C. (—C/8 rate) containing 
electrolytes according to the invention; 

FIG. 3 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —40° C. (—C/4 rate) containing 
electrolytes according to the invention; 

FIG. 4 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —50° C. (—C/I6 rate) contain-
ing electrolytes according to the invention; 

FIG. 5 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —50° C. (—C/8 rate) containing 
electrolytes according to the invention; 

FIG. 6 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —60° C. (—C180 rate) contain-
ing electrolytes according to the invention; 

FIG. 7 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —60° C. (—C/40 rate) contain-
ing electrolytes according to the invention; 

FIG. 8 is an illustration of a graph showing discharge 
capacity of lithium ion cells at —60° C. (—C/I6 rate) contain-
ing electrolytes according to the invention; 

FIG. 9 is an illustration of a graph showing Tafel polariza-
tion measurements at 23' C. of LiNixCo 1  _x02  electrodes from 
lithium ion cells containing electrolytes according to the 
invention; 

FIG. 10 is an illustration of a graph showing Tafel polar-
ization measurements at 23° C. of MCMB electrodes from 
lithium ion cells containing electrolytes according to the 
invention; 

FIG. 11 is an illustration of a graph showing Tafel polar-
ization measurements at —40° C. of LiNi,Co,-,0 2  electrodes 
from lithium ion cells containing electrolytes according to the 
invention; 

FIG. 12 is an illustration of a graph showing Tafel polar-
ization measurements at —40° C. of MCMB electrodes from 
lithium ion cells containing electrolytes according to the 
invention; 

FIG. 13 is an illustration of a graph showing Tafel polar-
ization measurements at —60° C. of LiNi,Co,-,0 2  electrodes 
from lithium ion cells containing electrolytes according to the 
invention; 

FIG. 14 is an illustration of a graph showing Tafel polar-
ization measurements at —40° C. of MCMB electrodes from 
lithium ion cells containing electrolytes according to the 
invention; 

FIG. 15 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements of 23° C. of 

6 
MCMB electrodes from lithium ion cells containing electro-
lytes according to the invention; 

FIG. 16 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at 23° C. of 

5  LiNi,Co, -02  electrodes from lithium ion cells containing 
electrolytes according to the invention; 

FIG. 17 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at 23° C. of 
lithium ion cells containing electrolytes according to the 

10 invention; 
FIG. 18 is an illustration of a graph showing electrochemi-

cal impedance spectroscopy (EIS) measurements at 0° C. of 
MCMB electrodes from lithium ion cells containing electro- 

15  lytes according to the invention; 
FIG. 19 is an illustration of a graph showing electrochemi-

cal impedance spectroscopy (EIS) measurements at 0° C. of 
LiNi,Co, -02  electrodes from lithium ion cells containing 
electrolytes according to the invention; 

20 	FIG. 20 is an illustration of a graph showing electrochemi- 
cal impedance spectroscopy (EIS) measurements at 0° C. of 
lithium ion cells containing electrolytes according to the 
invention; 

FIG. 21 is an illustration of a graph showing electrochemi- 
25 cal impedance spectroscopy (EIS) measurements at —20° C. 

of MCMB electrodes from lithium ion cells containing elec-
trolytes according to the invention; 

FIG. 22 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —20° C. 

30 of LiNixCo 1-02  electrodes from lithium ion cells containing 
electrolytes according to the invention; 

FIG. 23 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —20° C. 
of lithium ion cells containing electrolytes according to the 

35 invention; 
FIG. 24 is an illustration of a graph showing electrochemi-

cal impedance spectroscopy (EIS) measurements at —40° C. 
of MCMB electrodes from lithium ion cells containing elec-
trolytes according to the invention; 

40 	FIG. 25 is an illustration of a graph showing electrochemi- 
cal impedance spectroscopy (EIS) measurements at —40° C. 
of LiNixCo 1-02  electrodes from lithium ion cells containing 
electrolytes according to the invention; 

FIG. 26 is an illustration of a graph showing electrochemi- 
45 cal impedance spectroscopy (EIS) measurements at —40° C. 

of lithium ion cells containing electrolytes according to the 
invention; 

FIG. 27 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —60° C. 

50 of MCMB electrodes from lithium ion cells containing elec-
trolytes according to the invention; 

FIG. 28 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —60° C. 
of LiNixCo 1-02  electrodes from lithium ion cells containing 

55 electrolytes according to the invention; 
FIG. 29 is an illustration of a graph showing electrochemi-

cal impedance spectroscopy (EIS) measurements at —60° C. 
of lithium ion cells containing electrolytes according to the 
invention; 

60 	FIG. 30 is an illustration of a table summary of condition- 
ing cycling of prototype 7 Ah lithium ion cells containing 
electrolytes according to the invention; 

FIG. 31 is an illustration of a graph showing discharge 
capacity at —50° C., using a C15 rate, of prototype 7 Ah lithium 

65 ion cells containing electrolytes according to the invention; 
FIG. 32 is an illustration of a graph showing discharge 

energy (Wh/kg Watt hour per kilogram) at —50° C., using a 
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8 
C15 rate, of prototype 7 Ah lithium ion cells containing elec- 	a partially exploded view of a lithium ion electrochemical cell 
trolytes according to the invention; 

	
10 constructed according to one embodiment of the invention. 

FIG. 33 is an illustration of a graph showing discharge 
	The electrolytes and organic solvents described herein may 

energy (Ah) at —60° C., using a C110 rate, of prototype 7 Ah 
	

be used in the construction of the improved lithium ion elec- 
lithium ion cells containing electrolytes according to the 5 trochemical cell, characterized by good low temperature per- 
invention; 
	 formance. The electrochemical cell preferably operates in a 

FIG. 34 is an illustration of a table summary of charge- 	temperature range of from about —60 degrees C. (Celsius) to 
discharge characteristics of experimental lithium ion cells 	about 60 degrees C. (Celsius). The lithium ion electrochemi- 
containing electrolytes according to the invention; 	 cal cell 10 comprises an anode 12. The anode 12 may com- 

FIG. 35 is an illustration of a table summary of discharge io prise mesocarbon microbeads (MCMB) carbon, lithium 
performance of experimental lithium ion cells at various low 

	titanate (Li4Ti5 O 12), carbon graphite, coke based carbon, 
temperatures containing electrolytes according to the inven- 

	lithium metal, or another suitable material. Carbon is the 
tion; and, 	 preferred anode material for lithium ion rechargeable cells 

FIG. 36 is an illustration of a partially exploded view of a 
	due to its low potential versus lithium (of the lithiated com- 

lithium ion electrochemical cell constructed according to one 15 pound), excellent reversibility for lithium intercalation/ 
embodiment of the invention. 	 deintercalation reactions, good electronic conductivity, and 

low cost. Three broad types of carbonaceous anodic materials 
DETAILED DESCRIPTION OF THE INVENTION 

	
are known: (a) non-graphitic carbon, e.g., petroleum coke, 
pitch coke, (b) graphitic carbon, e.g., natural graphite, syn- 

Disclosed embodiments will now be described more fully 20 thetic graphite, and (c) modified carbon, e.g., mesocarbon 
hereinafter with reference to the accompanying drawings, in 	microbead carbon material. The lithium ion electrochemical 
which some, but not all disclosed embodiments are shown. 	cell further comprises a cathode 14 such as an insertion-type 
Indeed, several different embodiments may be provided and 

	
cathode. The cathode 14 may comprise lithium cobalt oxide 

should not be construed as limited to the embodiments set 
	

(LiCO02), lithium nickel cobalt oxide (LiNi o $Coo 202), 
forth herein. Rather, these embodiments are provided so that 25 lithium manganese oxide (LiMn2O4) 1  lithium nickel cobalt 
this disclosure will be thorough and complete and will fully 	aluminum oxide (LiNiCoA1O 2), lithium metal phosphate 
convey the scope of the disclosure to those skilled in the art. 	(LiMPO4) where the metal may comprise iron, cobalt, man- 

In one embodiment of the invention there is provided an 	ganese, or another suitable metal, lithium nickel cobalt man- 
electrolyte for use in a lithium ion electrochemical cell. The 	ganese oxide (LiNiCoMnO 2) 1  or another suitable material. 
electrochemical cell preferably operates in a temperature 30 Suitable cathode materials include transition metal oxides, 
range of from about —60 degrees C. (Celsius) to about 60 

	
such as insertion-type metal oxides. In lithium ion cells, the 

degrees C. (Celsius). The electrolyte comprises a mixture of 
	

cathode functions as a source of lithium for the intercalation/ 
an ethylene carbonate (EC). The electrolyte may comprise 

	
deintercalation reactions at the anode and the cathode, 

from about 15% to about 40% by volume ethylene carbonate. 	because of the instability of carbon materials in a lithiated 
Preferably, the electrolyte comprises 20% by volume ethyl-  35 state. Also, it is preferable that the cathode material in lithium 
ene carbonate. The electrolyte further comprises an ethyl 

	
ion cells have a high voltage versus lithium (>3.OV) to com- 

methyl carbonate (EMC). The electrolyte may comprise from 	pensate for voltage losses due to the use of alternate lithium 
about 10% to about 60% by volume ethyl methyl carbonate. 	anode materials (having reduced lithium activity) such as 
Preferably, the electrolyte comprises 60% by volume ethyl 

	
lithiated carbon. Lithiated cobalt oxide is a preferred com- 

methyl carbonate. The electrolyte further comprises an ester 40 pound because of its ease of preparation and reversibility. 
cosolvent. The ester cosolvent may comprise methyl propi- 	Lithiated nickel oxide, lithiated manganese oxide, and other 
onate (MP), ethyl propionate (EP), methyl butyrate (MB), 	suitable lithiated metal oxides are good alternatives. The 
ethyl butyrate (EB), propyl butyrate (PB), and butyl butyrate 	anode 12 may be separated from the cathode 14 by one or 
(BB). The electrolyte may comprise from about 10% to about 	more electrolyte-permeable separators 16, with the anode/ 
70% by volume ester cosolvent. Preferably, the electrolyte 45 separator(s)/cathode preferably cylindrically rolled up in 
comprises 20% by volume ester cosolvent. The electrolyte 

	
"jelly roll' fashion and inserted into a can or case 18, which is 

preferably has a 1:3:1 volume mixture of ethylene carbonate, 	sealed or closed by a cap 20. The lithium ion electrochemical 
ethyl methyl carbonate, and ester cosolvent. The electrolyte 	cell 10 further comprises an electrolyte (not shown), as dis- 
further comprises a lithium salt. The lithium salt may be in a 	cussed above, interspersed between the anode and the cath- 
concentration of from about 0.5 Molar to about 1.4 Molar. 50 ode. Both the anode 12 and the cathode 14 are bathed in the 
Preferably, the lithium salt is in a concentration of 1.0 Molar. 	electrolyte (not shown) as discussed above, which is able to 
The lithium salt may comprise lithiumhexafluorophosphate 	pass through the separator(s), allowing ion movement from 
(LiPF6), lithium tetrafluoroborate (LiBF 4), lithium bis(oxala- 	one electrode to the other. The electrolyte comprises a mix- 
to)borate (LiBOB) (or LiB(C2O4)2)),  lithium hexafluoro- 	ture of an ethylene carbonate (EC); an ethyl methyl carbonate 
arsenate (LiAsF 6), lithium perchlorate (LiC10 4), lithiumtrif-  55 (EMC); an ester cosolvent comprising methyl propionate 
luoromethanesulfonate 	(LiCF3 SO3)

1 
	or 	lithium 
	

(MP), ethyl propionate (EP), methyl butyrate (MB), ethyl 
bistrifluoromethanesulfonate sulfonyl imide (LiN(S0 2 	butyrate (EB), propyl butyrate (PB), butyl butyrate (BB), or 
CF3) 2), or mixtures thereof, or another suitable lithium salt. 	another suitable ester cosolvent; and a lithium salt. The 
The mixtures of the lithium salts may comprise lithium 

	
lithium salt may comprise lithium hexafluorophosphate 

hexafluorophosphate and lithium bis(oxalato)borate, lithium 60 (LiPF 6), lithium tetrafluoroborate (LiBF 4), lithium bis(ox- 
hexafluorophosphate and lithium tetrafluoroborate, or 	alato oxalate) borate (LiBOB), lithium hexafluoroarsenate 
another suitable mixture. Preferably, the electrolyte has a 

	
(LiAsF 6), lithium perchlorate (LiC1O 4), lithium trifluo- 

greater concentration of ethyl methyl carbonate than ester 	romethanesulfonate (LiCF 3 SO3)
1 
 lithium bistrifluo- 

cosolvent. Preferably, the electrolyte provides improved 
	

romethanesulfonate sulfonyl imide (LiN(S0 2CF3)2) 1  or mix- 
cycle life characteristics. 	 65 tures thereof, or another suitable lithium salt. Preferably, the 

In another embodiment of the invention there is provided a 	electrolyte of the lithium ion electrochemical cell comprises 
lithium ion electrochemical cell. FIG. 36 is an illustration of 

	
20% by volume ethylene carbonate, 60% by volume ethyl 
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10 
methyl carbonate, and 20% by volume ester cosolvent. Other 	charge-discharge (formation) characteristics of experimental 
features, such as one or more gaskets, anode tabs, safety 

	
lithium ion cells containing EC-based electrolytes with vari- 

vents, center pin, and other features known in the art may be 	ous ester cosolvents in 20% proportion compared with all 
included as deemed appropriate, in accordance with known 	carbonate-based formulations. Slightly lower cumulative 
battery design and fabrication. 	 5 irreversible capacity losses were observed for the majority of 

the ester-containing electrolytes compared to the all carbon- 
Examples and Electrochemical Measurements 	ate-based baseline solutions, suggesting that desirable solid 

electrolyte interphases (SEI) were formed with the formula- 
Experiments were conducted on ester-based electrolyte 	tions. In addition, high coulombic efficiency and comparable 

formulations at temperatures ranging from —60 6  C. (Celsius) 10 irreversible capacity losses were indirectly related to the over- 
to 60 6  C. (Celsius), with an emphasis upon improving the rate 	all stability and suggested good cycle life characteristics can 
capability at these temperatures. The following electrolyte 	be obtained. The data showed that the optimized electrolyte 
solutions were prepared and evaluated: (1) 1.0 M LiPF 6 	 solutions containing the ester cosolvents did not display del- 
EC+EMC (20:80 v/v %); (2) 1.0 M LiPF 6  EC+EMC+MP 	eterious effects which limit the reversible capacity or hinder 
(20:60:20 v/v %) where MP is methyl propionate; (3) 1.0 M 15 the kinetics of the lithium intercalation/deintercalation pro-
LiPF 6  EC+EMC+EP (20:60:20 v/v %) where EP is ethyl 	cesses. 
propionate; (4)1.0 M LiPF 6  EC+EMC+MB (20:60:20 v/v %) 
where MB is methyl butyrate; (5)1.4 M LiPF 6  EC+EMC+EB 

	
Discharge Characteristics 

(20:60:20 v/v %) where EB is ethyl butyrate; (6) 1.0 M LiPF 6  
EC+EMC+PB (20:60:20 v/v %) where PB is propyl butyrate; 20 When the cells were evaluated at low temperature (-40 6  
and, (7)1.0 M LiPF 6  EC+EMC+BB (20:60:20 v/v %) where 

	
C.) at moderate rate (—approximately) CA 6 discharge rate), 

BB is butyl butyrate. Improved performance was shown with, 	as shown in FIG. 1, enhanced low temperature performance 
for example: (1) 1.00 M LiPF 6+0.40 LiBF4, and (2) 1.40 M 

	
was observed with many of the cells containing the ester 

LiPF 6  dissolved in EC+EMC+MP (1:1:8 v/v %) and 
	

cosolvents, with 71%-77% of the room temperature capacity 
EC+EMC+MB (1:1:8 v/v %) solvent mixtures. The rate capa-  25 being delivered, in contrast to the all carbonate baseline solu- 
bility increased at low temperatures (e.g., —60 6  C.) with these 	tions which yielded —(approximately) 55%-75%. FIG.1 is an 
formulations. It is anticipated that increased salt concentra- 	illustration of a graph showing discharge capacity (Ah (Amp- 
tion and the use of mixed salt systems will also improve the 

	
hour)) of experimental lithium ion cells at —40 6  C. (—(ap- 

low temperature performance characteristics of other solvent 	proximately) CA 6 rate) containing electrolytes according to 
blends of carbonates and esters. In the invention the following 30 the invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
ester cosolvents were tested: methyl propionate (MP), ethyl 

	
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 

propionate (EP), methyl butyrate (MB), ethyl butyrate (EB), 	shows percentage of room temperature capacity (%) and the 
propyl butyrate (PB), and butyl butyrate (BB), in multi-com- 	y-axis shows voltage (V). The graph shows 25 mA discharge 
ponent electrolytes of the following composition: 1.0 M 

	
current to 2.00 V. 

LiPF 6  in ethylene carbonate (EC)+ethyl methyl carbonate 35 	The benefit of adding the ester cosolvents became more 
(EMC)+X (20:60:20 v/v/v %) [where X is the ester cosol- 	apparent when the cells were evaluated at higher rates at —40 6  
vent]. These electrolytes were optimized to provide good low 

	
C., as shown in FIG. 2 and FIG. 3, in which —C/8 and —C/4 

temperature performance (down to —60 6  C.) while still offer- 	discharge rates were used, respectively. FIG. 2 is an illustra- 
ing reasonable high temperature resilience to produce the 	tion of a graph showing discharge capacity (Ah) of experi- 
desired wide operating temperature systems (-60 6  C. to 606 

 

40 mental lithium ion cells at —40 6  C. (—C/8 rate) containing 
C.). This was primarily achieved by fixing the EC-content at 	electrolytes according to the invention comprising LOM 
20% and the ester cosolvent content at 20%, in contrast to 

	
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, 

known systems which have the EC-content at 10% and the 
	

EB, PB, and BB. The x-axis shows percentage of room tem- 
ester-content at 80%. 	 perature capacity (%) and the y-axis shows voltage (V). The 

A number of experimental lithium ion cells, consisting of 45 graph shows 50 mA discharge current to 2.00 V. When the 
mesocarbon microbeads (MCMB) carbon anodes and 

	
cells were discharged using the C/8 rate, the methyl propi- 

LiNio $Coo 202  cathodes were fabricated. These cells verified 
	

onate and methyl butyrate-based formulations resulted in the 
and demonstrated the reversibility, low temperature perfor- 	best performance, with —(approximately) 71% of the room 
mance, and electrochemical aspects of each electrode as 	temperature capacity being delivered for both. 
determined from a number of electrochemical characteriza-  50 	FIG. 3 is an illustration of a graph showing discharge 
tion techniques. The electrolytes selected for evaluation 	capacity (Ah) of experimental lithium ion cells at —40 6  C. 
included the following ester-containing electrolytes and all 

	
(—C/4 rate) containing electrolytes according to the invention 

carbonate-based baseline formulations: (1) 1.0 M LiPF 6 	 comprising LOM LiPF 6  EC+EMC+X (20:60:20 v/v %), 
EC+EMC (20:80 v/v %) (Baseline); (2) 1.0 M LiPF 6 	 where X=MP, EP, MB, EB, PB, and BB. The x-axis shows 
EC+DEC+DMC (1:1:1 v/v %) (Baseline); (3) 1.0 M LiPF 6  55 percentage of room temperature capacity (%) and the y-axis 
EC+DEC+DMC+EMC (1:1:1:3v/v%) (Baseline); (4)1.0 M 

	
shows voltage (V). The graph shows 100 mA discharge cur- 

LiPF 6  EC+EMC+MP (20:60:20 v/v %) where MP is methyl 
	

rent to 2.00 V. When a C/4 discharge rate was used, the best 
propionate; (5) 1.0 M LiPF 6  EC+EMC+EP (20:60:20 v/v %) 

	
performance was delivered from the following electrolytes in 

where EP is ethyl propionate; (6)1.0 M LiPF 6  EC+EMC+MB 
	

decreasing percent of room temperature capacity: 
(20:60:20 v/v %) where MB is methyl propionate; (7) 1.4 M 60 MP (63%)>EP>(62%)>MB (41%). 
LiPF 6  EC+EMC+EB (20:60:20 v/v %) where EB is ethyl 

	
When the cells described were evaluated at lower tempera- 

butyrate; (8) 1.0 M LiPF 6  EC+EMC+PB (20:60:20 v/v %) 
	

tures (-50 6  C.), as shown in FIGS. 4-5, the ester-based for- 
where PB is propyl butyrate; and, (9)1.0 M LiPF 6  EC+FMC+ 	mulations again generally outperformed the baseline all car- 
BB (20:60:20 v/v %) where BB is butyl butyrate. As shown in 

	
bonate-based solutions. FIG. 4 is an illustration of a graph 

FIG. 34, a table shows all cells displayed good reversibility at 65 showing discharge capacity (Ah) of experimental lithium ion 
room temperature and minimal reactivity during the forma- 	cells at —50 6  C. (—C/16 rate) containing electrolytes accord- 
tion cycling. FIG. 34 is an illustration of a table summary of 

	
ing to the invention comprising LOM LiPF 6  EC+EMC+X 
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(20:60:20 v/v %), where X=MP, EP, MB, EB, PB, and BB. 	line formulation (EC+EMC (20:80 v/v %)) in many cases. 
The x-axis shows percentage of room temperature capacity 

	
Improvements were expected in the low temperature capabil- 

(%) and the y-axis shows voltage (V). The graph shows 25 
	

ity of aerospace quality, large capacity, prototype cells com- 
mA discharge current to 2.00 V. At moderate rates (—C/16), 	pared to the experimental cells (due to thermal effects and 
the propyl butyrate (PB) and butyl butyrate (BB) displayed 5 design advantages) when fabricated with these low tempera-
the best performance with 62% and 60% of the room tem- 	ture electrolytes possessing mixed salt systems. 
perature capacity being delivered, respectively. 

FIG. 5 is an illustration of a graph showing discharge 
	

Electrochemical Characteristics 
capacity (Ah) of experimental lithium ion cells at —50° C. 
(—C/8 rate) containing electrolytes according to the invention 10 	It is believed that the low temperature performance, espe- 
comprising LOM LiPF6  EC+EMC+X (20:60:20 v/v %), 	cially the rate capability, was benefited by the use of these 
where X=MP, EP, MB, EB, PB, and BB. The x-axis shows 	ester-based solutions primarily due to improved mass transfer 
percentage of room temperature capacity (%) and the y-axis 	characteristics in the electrolyte (higher ionic conductivity) 
shows voltage (V). The graph shows 50 mA discharge current 	and facile kinetics of lithium intercalation/deintercalation at 
to 2.00 V. At higher rates at —50° C. (—C/8 discharge rate), as 15 the interface due to favorable film formation behavior at the 
shown in FIG. 5, the following trend in decreasing percent of 

	
electrode surfaces. To enhance this understanding the elec- 

room temperature capacity was observed: EP (14%)>PB 
	

trochemical characteristics of the systems were assessed 
(11%)>EB (7%)>and MB (7%). 	 using a number of techniques, including Tafel polarization 

When the cells described were evaluated at even lower 	measurements (as shown in FIGS. 9-14), Electrochemical 
temperatures (-60° C.), as shown in FIGS. 6-8, the ester- 20 Impedance Spectroscopy (EIS) (as shown in FIGS. 15-29), 
based formulations were observed to more dramatically out- 	and linear micro-polarization measurements. 
perform the baseline all carbonate-based solutions. FIG. 6 is 

	
The lithiation/de-lithiation kinetics were determined for 

an illustration of a graph showing discharge capacity (Ah) of 
	

the anode and the cathode by conducting Tafel polarization 
experimental lithium ion cells at —60° C. (—C/80 rate) con- 	measurements of the MCMB-Li xNiyCo l _yO2  cells in contact 
taining electrolytes according to the invention comprising 25 withthe various electrolytes. The Tafel polarization measure- 
LOM LiPF6  EC+EMC+X (20:60:20 v/v %), where X=MP, 	ments were generated under potentiodynamic conditions, but 
EP, MB, EB, PB, and BB. The x-axis shows percentage of 

	
at slow scan rates, approximating to steady-state conditions. 

room temperature capacity (%) and the y-axis shows voltage 
	

Thus, the measurements provided insight into the lithiation/ 
(V). The graph shows 5 mA discharge current to 2.00 V. FIG. 	de-lithiation kinetics at each electrode. The measurements 
7 is an illustration of a graph showing discharge capacity (Ah) 30 were conducted on the cells while they were in a full state- 
of experimental lithium ion cells at —60° C. (—C/40 rate) 

	
of-change (SOC) (open circuit voltage (OCV) —>4.07 V) 

containing electrolytes according to the invention comprising 
	

before and after each storage period. In all of these Tafel plots, 
LOM LiPF6  EC+EMC+X (20:60:20 v/v %), where X=MP, 	there were distinct charge-transfer controlled regimes, where 
EP, MB, EB, PB, and BB. The x-axis shows percentage of 

	
the overpotential increased linearly with log (1). The effect of 

room temperature capacity (%) and the y-axis shows voltage 35 mass transfer was relatively insignificant, such as kinetic 
(V). The graph shows 10 mA discharge current to 2.00 V. FIG. 	parameters, e.g., exchange current and transfer coefficients. 
8 is an illustration of a graph showing discharge capacity (Ah) 

	
In summary, at the lower temperatures (-40° C. and —60° C.), 

of experimental lithium ion cells at —60° C. (—C/16 rate) 
	

the kinetics of lithium deintercalation at the anode were most 
containing electrolytes according to the invention comprising 

	
facile for the systems containing ethyl butyrate (EB) and 

LOM LiPF6  EC+EMC+X (20:60:20 v/v %), where X=MP, 40 propyl butyrate (PB), outperforming the all carbonate-based 
EP, MB, EB, PB, and BB. The x-axis shows percentage of 

	
solutions, suggesting that in addition to enhanced solution 

room temperature capacity (%) and the y-axis shows voltage 	conductivity, the film formation process at the electrode sur- 
(V). The graph shows 25 mA discharge current to 2.00 V. 	face was also desirable producing thin, conductive films. 
When the cells were discharged using a C/16 rate, the cell 

	
Different trends were observed at the cathode, in which the 

containing the methyl propionate delivered the best perfor-  45 highest lithium intercalation kinetics were observed at low 
mance, with —29% of the room temperature capacity being 	temperature for the cell containing the methyl propionate- 
delivered. Given that methyl propionate-based solution is 

	
based electrolyte. 

anticipated to have the highest ionic conductivity at lower 
	

FIG. 9 is an illustration of a graph showing Tafel polariza- 
temperatures, due to possessing the lowest viscosity of the 	tion measurements at 23'C. of LiNi,Co, _x02  electrodes from 
series of esters, the results were to be expected, provided that 50 lithium ion cells containing electrolytes according to the 
the lithium kinetics through the electrode interfaces do not 

	
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 

have a stronger influence upon low temperature performance 	v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
that is often observed with more reactive electrolytes. 	shows current (Amps) and the y-axis shows cathode potential 

As shown in FIG. 35, a table summarizes the low tempera- 	(V vs. Lim/Li). The graph shows MCMB carbon-LiNix  
ture discharge performance of the cells and a number of 55 C0 1­02 cells. 
ester-based formulations displayed good low temperature 

	
FIG. 10 is an illustration of a graph showing Tafel polar- 

performance down to —60° C. FIG. 35 is an illustration of a 
	

ization measurements at 23° C. of MCMB electrodes from 
table summary of discharge performance (capacity, Ah) of 

	
lithium ion cells containing electrolytes according to the 

experimental lithium ion cells at various low temperatures 
	

invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
containing electrolytes according to the invention comprising 60 v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
LOM LiPF6  EC+EMC+X (20:60:20 v/v %), where X=MP, 	shows current (Amps) and the y-axis shows anode potential 
EP, MB, EB, PB, and BB, and where the cells were charged at 

	
(mV vs. Lim/Li). The graph shows MCMB carbon-LiNi x  

room temperature prior to discharge. 	 C01­02 cells. 
These ester containing solutions dramatically outper- 	FIG. 11 is an illustration of a graph showing Tafel polar- 

formed the ternary based all carbonate-based electrolyte 65 ization measurements at —40° C. of LiNi,Co,-,0 2  electrodes 
(baseline electrolyte used on NASA's MER (Mars Explora- 	from lithium ion cells containing electrolytes according to the 
tion Rover) mission) and outperformed the comparable base- 	invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
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v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows current (Amps) and the y-axis shows cathode potential 
(V vs. Li'/Li). The graph shows MCMB carbon-LiNi x  
C0 1-02  cells. 

FIG. 12 is an illustration of a graph showing Tafel polar- 5 

ization measurements at —40° C. of MCMB electrodes from 
lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows current (Amps) and the y-axis shows anode potential io 
(mV vs. Lim/Li). The graph shows MCMB carbon-LiNi x  
C0 1-02  cells. 

FIG. 13 is an illustration of a graph showing Tafel polar-
ization measurements at —60° C. of LiNi xCo,-,02  electrodes 
from lithium ion cells containing electrolytes according to the 15 

invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows current (Amps) and the y-axis shows cathode potential 
(V vs. Lim/Li). The graph shows MCMB carbon LiNi x  
C0 1-02  cells. 20 

FIG. 14 is an illustration of a graph showing Tafel polar-
ization measurements at —40° C. of MCMB electrodes from 
lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 25 

shows current (Amps) and the y-axis shows anode potential 
(mV vs. Lim/Li). The graph shows MCMB carbon-LiNi x  
C0 1-02  cells. 

FIG. 15 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at 23° C. of 30 

MCMB electrodes from lithium ion cells containing electro-
lytes according to the invention comprising LOM LiPF 6  
EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 
PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen- 35 

tal three electrode cells, MCMB carbon-LiNi xCo i _xOz, and 
lithium metal reference electrode. 

FIG. 16 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at 23° C. of 
LiNixCo,_ 02  electrodes from lithium ion cells containing 40 

electrolytes according to the invention comprising LOM 
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, M, 
EB, PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC0 1 _xO2, and 45 

lithium metal reference electrode. 
FIG. 17 is an illustration of a graph showing electrochemi-

cal impedance spectroscopy (EIS) measurements at 23° C. of 
lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 50 

v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows Z' (Ohms) and the y-axis shows —Z" (Ohms). The 
graph shows lithium ion experimental three electrode cells, 
MCMB carbon-LiNixCo,_ 02  and lithium metal reference 
electrode. 55 

FIG. 18 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at 0° C. of 
MCMB electrodes from lithium ion cells containing electro-
lytes according to the invention comprising LOM LiPF 6  
EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 60 

PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC0 1 _xO2, and 
lithium metal reference electrode. 

FIG. 19 is an illustration of a graph showing electrochemi- 65 

cal impedance spectroscopy (EIS) measurements at 0° C. of 
LiNixCo,_ 02  electrodes from lithium ion cells containing  

14 
electrolytes according to the invention comprising LOM 
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, 
EB, PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC01-02, and 
lithium metal reference electrode. 

FIG. 20 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at 0° C. of 
lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows Z' (Ohms) and the y-axis shows —Z" (Ohms). The 
graph shows lithium ion experimental three electrode cells, 
MCMB carbon-LiNi xCo,_ 02, and lithium metal reference 
electrode. 

FIG. 21 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —20° C. 
of MCMB electrodes from lithium ion cells containing elec-
trolytes according to the invention comprising LOM LiPF 6  
EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 
PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC01-02, and 
lithium metal reference electrode. 

FIG. 22 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —20° C. 
of LiNixCo 1-02  electrodes from lithium ion cells containing 
electrolytes according to the invention comprising LOM 
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, 
EB, PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC01-02, and 
lithium metal reference electrode. 

FIG. 23 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —20° C. 
of lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows Z' (Ohms) and the y-axis shows —Z" (Ohms). The 
graph shows MCMB carbon-LiNi xCo l_ 02  three electrode 
cells and lithium metal reference electrode. 

FIG. 24 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —40° C. 
of MCMB electrodes from lithium ion cells containing elec-
trolytes according to the invention comprising LOM LiPF 6  
EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 
PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC0 1 _xO2, and 
lithium metal reference electrode. 

FIG. 25 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —40° C. 
of LiNixCo 1-02  electrodes from lithium ion cells containing 
electrolytes according to the invention comprising LOM 
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, 
EB, PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC0 1 _xO2, and 
lithium metal reference electrode. 

FIG. 26 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —40° C. 
of lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows Z' (Ohms) and the y-axis shows —Z" (Ohms). The 
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graph shows lithium ion experimental three electrode cells, 
MCMB carbon-LiNixCo l_,02 , and lithium metal reference 
electrode. 

FIG. 27 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —60° C. 
of MCMB electrodes from lithium ion cells containing elec-
trolytes according to the invention comprising LOM LiPF 6  
EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 
PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xCo i _xOz, and 
lithium metal reference electrode. 

FIG. 28 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —60° C. 
of LiNixCo i _xO2  electrodes from lithium ion cells containing 
electrolytes according to the invention comprising LOM 
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, 
EB, PB, and BB. The x-axis shows Z' (Ohms) and the y-axis 
shows —Z" (Ohms). The graph shows lithium ion experimen-
tal three electrode cells, MCMB carbon-LiNi xC01-02, and 
lithium metal reference electrode. 

FIG. 29 is an illustration of a graph showing electrochemi-
cal impedance spectroscopy (EIS) measurements at —60° C. 
of lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 
v/v %), where X=MP, EP, MB, EB, PB, and BB. The x-axis 
shows Z' (Ohms) and the y-axis shows —Z" (Ohms). The 
graph shows lithium ion experimental three electrode cells, 
MCMB carbon-LiNixCo l_ 02 , and lithium metal reference 
electrode. 

Prototype Cell Results 

To evaluate the viability of the technology, three of the 
promising low temperature electrolytes were prepared at JPL 
(Jet Propulsion Laboratory) and shipped to Yardney Techni-
cal Products, Inc. for incorporation into large capacity (7 Ah 
(Amp-hour)) prototype lithium ion (Li-ion) cells. Yardney 
Technical Products, Inc. (also known as Lithion, Inc.) was the 
battery vendor for both theMSP'01 (Mars Surveyor Program 
2001) Lander project and the 2003 MER (Mars Exploration 
Rover) mission or program. In addition, the cell chemistry 
selected for this study was nearly identical to that used for the 
cells/batteries fabricated for the two flight missions men-
tioned above, enabling a direct comparison. The electrolytes 
selected for incorporation into these cells were the following: 
(1) 1.0 M LiPF 6  EC+EMC+MP (20:60:20 v/v %), (2) 1.0 M 
LiPF 6  EC+EMC+EP (20:60:20 v/v %), and (3) and 1.0 M 
LiPF 6  EC+EMC+EB (20:60:20 v/v %). The results of these 
cells were compared with the results obtained with a number 
of cells that were fabricated with baseline all carbonate-based 
electrolytes, including the ternary mixture consisting of 1.0 
M LiPF 6  EC+DEC+DMC (1:1:1 v/v %), which was previ-
ously developed and utilized on the MSP'01 Lander battery 
and the 2003 MER battery. 

After the formation process at the vendor, the cells were 
subjected to conditioning cycling at various temperatures 
(20° C., 0° C., and —20° C.) to determine the reversible 
capacity, the specific energy, and the impedance of the cells. 
As illustrated in FIG. 30, the ester-based electrolytes resulted 
in cells with comparable capacity and specific energy to the 
baseline electrolyte-containing cells. FIG. 30 is an illustration 
of a table summary of conditioning cycling at 20° C. of 
prototype 7 Ah (Amp-hour) lithium ion cells containing elec-
trolytes according to the invention comprising LOM LiPF 6  
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EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 
PB, and BB, as well as cells with baseline all carbonate-based 
electrolytes. 

After completing the conditioning cycling, the cells were 
5 subjected to low temperature discharge rate characterization 

testing. As shown in FIG. 31, when the cells were discharged 
at —50° C. using a fairly aggressive discharge rate (C15, or 
1.40A), the cell containing the methyl propionate-based elec-
trolyte delivered the highest capacity, yielding 5.78 Ah, 

to which corresponded to 72.3% of the room temperature capac-
ity. FIG. 31 is an illustration of a graph showing discharge 
capacity (Ah) at —50° C., using a C15 rate, of prototype 7 Ah 
lithium ion cells containing electrolytes according to the 
invention comprising LOM LiPF 6  EC+EMC+X (20:60:20 

15 v/v %), where X=MP, EP, MB, EB, PB, and BB, as well as 
cells with baseline all carbonate-based electrolytes. The 
x-axis shows discharge capacity (Ah (Amp-hour)) and the 
y-axis shows cell voltage (V). This represented over a six-fold 
improvement over the baseline electrolyte (the ternary car- 

20 bonate mixture), which yielded only 0.84 Ah, or 10.4% of the 
room temperature capacity. 

When the cells were compared with respect to the specific 
energy, as shown in FIG. 32, the cell containing the methyl 
propionate-based electrolyte delivered 65.0 Wh/kg (Watt 

25 hour per kilogram) and the cells containing the ethyl propi-
onate and ethyl butyrate-based electrolytes were observed to 
give —60 Wh/kg under these conditions. In contrast, the base-
line cell delivered only 8.6 Wh/kg. FIG. 32 is an illustration of 
a graph showing discharge energy (Wh/kg) at —50° C., using 

30 a C15 rate, of prototype 7 Ah lithium ion cells containing 
electrolytes according to the invention comprising LOM 
LiPF 6  EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, 
EB, PB, and BB, as well as cells with baseline all carbonate-
based electrolytes. The x-axis shows discharge energy (Wh/ 

35 kg) and the y-axis shows cell voltage (V). 
When the cells were evaluated at —60° C. using a C110 

discharge rate, as shown in FIG. 33, the same trend was 
observed with the ester-containing electrolytes outperform-
ing the baseline all carbonate-based blends, expressed in 

40 terms of decreasing capacity: EC+EMC+MP (5.08 Ah)>EC+ 
EMC+EP (4.27 Ah)>EC+EMC+EB (3.89 Ah)>EC+EMC 
(2.40 Ah)>EC+DEC+DMC+EMC (0.71 Ah)>EC+DEC+ 
DMC (0.41 Ah). FIG. 33 is an illustration of a graph showing 
discharge capacity (Ah) at —60° C., using a C110 rate, of 

45 prototype 7 Ah lithium ion cells containing electrolytes 
according to the invention comprising LOM LiPF 6  
EC+EMC+X (20:60:20 v/v %), where X=MP, EP, MB, EB, 
PB, and BB, as well as cells with baseline all carbonate-based 
electrolytes. The x-axis shows discharge capacity (Ah) and 

50 the y-axis shows cell voltage (C). 

SUMMARY 

In summary, lithium ion ester and carbonate-based blended 
55 electrolytes resulted in improved discharge performance and 

rate capability at low temperatures (down to —60° C.). More 
specifically, improved performance with multi-component 
electrolytes of the following composition was demonstrated: 
1.0 M LiPF 6  in ethylene carbonate (EC)+ethyl methyl car- 

6o bonate (EMC)+X (20:60:20 v/v %) [where X is methyl pro- 
pionate (MP), ethyl propionate (EP), methyl butyrate (MB), 
ethyl butyrate (EB), propyl butyrate (PB), or butyl butyrate 
(BB)]. A number of these electrolytes were demonstrated in 
both experimental as well as aerospace quality high capacity 

65 prototype cells. As shown, a prototype cell containing the 1.0 
M LiPF 6  EC+EMC+MP (20:60:20 v/v %) electrolyte was 
capable of delivering over 6 (six) times the amount of capac- 
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ity delivered by the baseline ternary all carbonate blend, and 
was able to support reasonably aggressive rates at low tem-
perature (-50° C. and —60° C.). Cells containing the other 
esters also performed well at low temperature, with the lower 
molecular weight, lowerviscosity cosolvents generally yield-
ing better performance at low temperatures. Although slightly 
less favorable in terms of electrolyte conductivity, the higher 
molecular weight esters (e.g., propyl butyrate (PB), and butyl 
butyrate (BB)) were expected to result in cells with more 
favorable high temperature resilience (>40° C.) compared to 
the lower molecular weight esters. 

Many modifications and other embodiments of the disclo-
sure will come to mind to one skilled in the art to which this 
disclosure pertains having the benefit of the teachings pre-
sented in the foregoing descriptions and the associated draw-
ings. The embodiments described herein are meant to be 
illustrative and are not intended to be limiting. Although 
specific terms are employed herein, they are used in a generic 
and descriptive sense only and not for purposes of limitation. 

What is claimed is: 
1. An electrolyte for use in a lithium ion electrochemical 

cell, the electrolyte consisting of a mixture of: 
20% by volume ethylene carbonate (EC); 
60% by volume ethyl methyl carbonate (EMC); 
20% by volume of an ester cosolvent selected from the 

group consisting of methyl propionate (MP), methyl 
butyrate (MB), ethyl butyrate (EB), propyl butyrate (PB) 
and butyl butyrate (BB); and 

a lithium salt. 
2. The electrolyte of claim 1 wherein the ester cosolvent is 

selected from the group consisting of methyl butyrate (MB), 
ethyl butyrate (EB), propyl butyrate (PB) and butyl butyrate 
(BB). 

3. The electrolyte of claim 1 wherein the ester cosolvent is 
methyl propionate (MP). 

4. The electrolyte of claim 1 wherein the lithium salt is in a 
concentration of from about 0.5 Molar to about 1.4 Molar. 

5. The electrolyte of claim 1 wherein the lithium salt is 
selected from the group consisting of lithium hexafluoro-
phosphate (LiPF 6), lithium tetrafluoroborate (LiBF 4), lithium 
bis(oxalato) borate (LiBOB), lithium hexafluoroarsenate (Li-
AsF6), lithium perchlorate (LiC1O 4), lithium trifluo-
romethanesulfonate (LiCF 3 SO3), lithium bistrifluo-
romethanesulfonate sulfonyl imide (LiN(S0 2CF3)2), and 
mixtures thereof. 

6. A lithium ion electrolyte for use in a lithium ion electro-
chemical cell, the lithium ion electrolyte consisting of a mix-
ture of: 

ethylene carbonate (EC); 
ethyl methyl carbonate (EMC); 
an ester cosolvent, wherein the ester solvent is selected 

from the group consisting of methyl propionate (MP), 
methyl butyrate (MB), propyl butyrate (PB) and butyl 
butyrate (BB), and, 

a lithium salt in a concentration of from about 0.5 Molar to 
about 1.4 Molar, 

wherein the lithium salt is selected from the group consist-
ing of lithium hexafluorophosphate (LiPF 6), lithium tet-
rafluoroborate (LiBF 4), lithium bis(oxalato) borate (Li-
BOB), lithium hexafluoroarsenate (LiAsF 6), lithium 
perchlorate (LiC1O4), lithium trifluoromethane-
sulfonate (LiCF 3 SO3), lithium bistrifluoromethane-
sulfonate sulfonyl imide (LiN(S0 2CF3 )2), and mixtures 
thereof 

18 
wherein the amount of EC is 20% by volume, the amount 

of EMC is 60% by volume and the amount of ester 
cosolvent is 20% by volume. 

7. The lithium ion electrolyte of claim 6 wherein the ester 
5  cosolvent is selected from the group consisting of methyl 

butyrate (MB), ethyl butyrate (EB), propyl butyrate (PB) and 
butyl butyrate (BB). 

8. The lithium ion electrolyte of claim 6 wherein the ester 
cosolvent is methyl propionate (MP). 

10 	
9. A lithium ion electrochemical cell comprising: 
an anode; 
a cathode; and 
the electrolyte of claim 6 interspersed between the anode 

and the cathode wherein the electrochemical cell oper-
ates in a temperature range of from about —60 degrees 

15 	Celsius to about 60 degrees Celsius. 
10. The lithium ion electrochemical cell of claim 9 wherein 

the ester cosolvent is selected from the group consisting of 
methyl butyrate (MB), ethyl butyrate (EB), propyl butyrate 
(PB) and butyl butyrate (BB). 

20 	11. The lithium ion electrochemical cell of claim 9 wherein 
the ester cosolvent is methyl propionate (MP). 

12. A lithium ion electrochemical cell comprising: 
an anode; 
a cathode; 

25 	an electrolyte interspersed between the anode and the cath- 
ode, wherein the electrolyte consists of a mixture of: 

20% by volume ethylene carbonate (EC); 
60% by volume ethyl methyl carbonate (EMC); 
20% by volume of an ester cosolvent selected from the 

30 	group consisting of methyl propionate (MP), methyl 
butyrate (MB), ethyl butyrate (EB), propyl butyrate 
(PB), and butyl butyrate (BB); and, 

a lithium salt, 
wherein the electrochemical cell operates in a temperature 

35 	range of from about —60 degrees Celsius to about 60 
degrees Celsius. 

13. The lithium ion electrochemical cell of claim 12 
wherein the anode is selected from the group consisting of 
mesocarbon microbeads (MCMB) carbon, lithium titanate 

40 (Li4Ti5 O 12), carbon graphite, coke based carbon, and lithium 
metal. 

14. The lithium ion electrochemical cell of claim 12 
wherein the cathode is selected from the group consisting of 
lithium cobalt oxide (LiCO0 2), lithium nickel cobalt oxide 

45 (LiNio $Coo 202), lithium manganese oxide (LiMn 2O4) I  

lithium nickel cobalt aluminum oxide (LiNiCoA1O2), lithium 
metal phosphate (LiMPO4) wherein the metal M is selected 
from the group consisting of iron, cobalt and manganese and 
lithium nickel cobalt manganese oxide (LiNiCoMnO 2)' 

50 15. The lithium ion electrochemical cell of claim 12 
wherein the lithium salt is selected from the group consisting 
of lithium hexafluorophosphate (LiPF 6), lithium (LiBF 4), 
lithium bis(oxalato) borate (LiBOB), lithium hexafluoro-
arsenate (LiAsF 6), lithium perchlorate (LiC1O 4), lithium tri- 

55 fluoromethanesulfonate (LiCF 3 SO3), lithium bistrifluo-
romethanesulfonate sulfonyl imide (LiN(S0 2CF 3)2), and 
mixtures thereof. 

16. The lithium ion electrochemical cell of claim 12 
wherein the ester cosolvent is selected from the group con- 

60  sisting of methyl butyrate (MB), ethyl butyrate (EB), propyl 
butyrate (PB) and butyl butyrate (BB). 

17. The lithium ion electrochemical cell of claim 12 
wherein the ester solvent is methyl propionate (MP). 
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